• Identification of possibly encountered problems;
• Specification of safe concentration limits for the involved impurities;
• Definition of the requirements for purification if necessary; and
• Designing efficient, safe and economic processes Figure 1 Importance of the knowledge of CO 2 mixture properties and behaviour for design and operation of safe and cost and energy efficient processes A typical CO 2 capture and storage (CCS) chain normally consists of four main steps: CO 2 capture, CO 2 conditioning (dehydration, non-condensable gas separation and/or liquefaction, and compression/pumping), CO 2 transport and CO 2 storage. Figure 2 illustrates how these steps are linked together.
Thermo-physical data & models

CO2 rich stream composition as from capture process
Basic assumptions about design of compressor, pump, pipe…
Figure 2 Main components of the CCS chain
The vapour-liquid equilibrium (VLE) of CO 2 mixtures is, for example, one of the basic parameters to design the capture of CO 2 and also to design non-condensable gas separation processes. The volume property is important in the design and operation of compression, transportation and storage. It could be said that the development and technical breakthrough of new CCS systems relies on a deeper understanding of the thermodynamic properties of CO 2 mixtures. PVTxy properties can be measured directly. However, because CCS processes cover a large range of operation conditions from atmospheric pressure to supercritical states, and involve multi-component mixtures, experiments alone cannot satisfy the requirements of engineering applications. In order to exceed the limitations of the experiments, theoretical models have been developed based on the experimental data.
This work contains a review of both the experimental data and the thermodynamic models for PVTxy properties of CO 2 mixtures with impurities. The purpose of the work is to summarize and evaluate the available experimental data, identify knowledge gaps and investigate which available theoretical models
that have been proposed and tested in the literature. The work will also provide suggestions for future research on the PVTxy properties of CO 2 mixtures.
Oper ating windows of CO 2 conditioning and tr ansport
The operating windows of the process determine the relevant ranges of temperature, pressure and composition, in which experimental data are required and property models should preferably be validated to minimize the uncertainties in the design criteria of the different processes. 
Temperature and pressure windows
The operating conditions of CO 2 capture, transport and storage (CCS) are estimated in Table 1 [4, 5] .
Some sub-processes or options for these are indicated in Table 1 as well. The table shows that the CCS chain covers pressures from ~ 0 MPa to 50 MPa and temperatures from 218K to 1620 K. 
Possible impurities
The type and amount of the impurities introduced into the CO 2 depend on the fuels used and the type of capture technology. The CO 2 streams captured from post-combustion with an amine solution are relatively clean, with H 2 O as the main impurity. However, relative high levels of impurities are expected in the CO 2 streams captured from oxy-fuel combustion, and a more complicated composition of the CO 2 stream is expected in the cases with Integrated Gasification Combined Cycles. Based on the different oil industry and fuel conversion processes, the possible impurities are summarized in Table 2 . Recently, comprehensive reviews on the experimental PVTxy-data of CO 2 /H 2 O and CO 2 /amines have been published [6] [7] [8] [9] [10] [11] [12] . In addition, an extensive review of the available experimental data and models for CO 2 -hydrates has been presented previously [13] . Therefore, this work will review the available In general, there are no strong technical barriers to provide high purity CO 2 from the flue gas of fossil fuel fired power plants. However, high purity requirements are likely to induce additional costs and energy requirements resulting in a high loss of power plant efficiency. It is, thus, of importance to find an optimal balance between the requirements with respects to safety, legal and environmental aspects of transport and storage and the costs concerning CO 2 sequestration. The possible concentration ranges of the impurities in the captured CO 2 streams are given in Table 3 . These estimates are based on previous studies [5, 14] . although such impurities will be important for CCS processes, in particular for the oxy-fuel combustion technology. Available experimental PVTxy-data of CO 2 mixtures are summarized in Table 4 , with their corresponding range in temperature and pressure and the reported uncertainty. The reported uncertainties are typically smaller in newer work due to more accurate measuring techniques. 
Knowledge gaps
The ranges of T, P, x and y for the experimental data of the VLE and the volume are summarized in Tables 5 and 6 and illustrated in Figure 3 and 4 respectively. Compared to the operating windows given in Table 1 , there are, obviously, some gaps between the available experimental data and the requirements with respect to design and operation in CCS. The saturation line of pure CO 2 is illustrated by the solid black curve in Figure 3 . The range of the VLE data for some of the mixtures, such as CO 2 /SO 2 , differs considerably from pure CO 2 , illustrating that the VLE behaviour of the mixture may be quite different from pure CO 2 . The relevant T/P range for the VLE data will thus change from mixture to mixture. Since the amount of impurities in CCS is modest according to Table 3 (<10%), it is reasonable to assume that the T/P range of available VLE data (the coloured boxes in Figure 3 ) should ideally cover most of the CO 2 saturation line to satisfy the requirements of CCS applications. For some mixtures, such as CO 2 /CH 4 and CO 2 /N 2 , the range of the VLE data covers the whole curve, but for mixtures such as CO 2 /Ar, CO 2 /CO, and CO 2 /SO 2 , the boxes cover little of the phase envelope, which clearly displays the need of more data. According to the figure, the T/P range of the CO 2 /NH 3 system is very different from all the other binary systems. This can be explained by the chemical reactions which occur in addition to the VLE [39] , with formation of ammonium carbarnate at temperatures less than ~ 400 K and urea and water at larger temperatures, making it a complex system with 5 components. The T/P range of future VLE experiments, for example for the mixtures CO 2 /H 2 S, CO 2 /CO and CO 2 -SO 2 may easily be identified using Figure 3 . To 531 K and N 2 cover a decent part of the T/P space, while it is not true for the mixtures containing Ar, H 2 and H 2 S. Another concern is that few volume measurements are conducted at temperatures higher than 400 K. But it is significant to have sufficient experimental data to span the whole T/P range relevant for CCS applications (218-1620 K and ~ 0-50 MPa). Figure 4 The T/P range of the experimental data for the volume of CO 2 mixtures 3.3 The precision, consistency and reliability of the experimental data As experimental measurements are used for model calibration and parameter fitting, it is of great importance to have reliable measurements in order to develop high accuracy models. Table 4 shows that many of the measurements are published before 1980. In order to check the precision, consistency and reliability of the published literature, experimental data available in the same ranges of composition, pressure and temperature have been compared, and the comparison is displayed in the Figures 5-9. Figure 5 presents the comparison regarding the VLE of CO 2 /CH 4 . According to the comparison, the measured data agree better for the bubble points than for the dew points. Some larger inconsistencies were observed (>5%). For example, as shown in Figure 5 (b), the deviations between Donnelly's data [23] and Mraw's data [42] can be up to 20% for the CO 2 concentration in the vapor phase at high pressures. Taking into account the more up to date measuring techniques, the data by Mraw et al. [42] should be preferred. Figure 5 (a) shows a comparison between the sources [40, 43, 45] [57] (c) 288.15K Figure 6 Comparison of different experiments about the VLE of CO 2 /H 2 S Figure 7 presents the comparison regarding the VLE of CO 2 /O 2 . Large inconsistencies may be observed between Fredenslund's data [32] and Zenner and Dana's data [27] (Fig. 7(a) ). Since the measurements conducted by Fredenslund et al. in 1970 [32] and 1972 [38] agree quite well, as shown in Fig. 7(b) , the data by Fredenslund et al. [32, 38] should be preferred. (Figure 7 ). Inconsistency was also identified between the density data from Haney [19] and
Brugge [51] . Additional experiments are required to verify the accuracy of these data. (a) VLE at 273.15 K (b) Density at 300 K Figure 8 Comparison of different experiments about the VLE and density of CO 2 /N 2 Figure 9 presents the comparison regarding the VLE of CO 2 /H 2 . Here, it is evident that the inconsistencies become larger at higher temperatures, for example at 290K (Fig. 9(a) ). There is no good agreement among the three available data sources [31, 44, 59] , except the data of Bezhanetak [59] and According to the origin, equations of state may be classified into several families. The van der Waals family of cubic equations and the family of extended virial equations are examples. It has been shown that the performances of different models vary for different properties, components and conditions [60] [61] [62] . The most commonly encountered EOS relevant for CCS are discussed below, with particular focus on those which already have been tested in the literature. The performance of the EOS is summarized in Table 7 .
Cubic EOS
The cubic equations are, probably, the simplest EOS which predict the existence of a critical point and yield a quantitative representation of vapour-liquid equilibria. 2 and Ar using many of the experimental data presented in this work [5, 72, 73] . The EOS evaluated were PR, RK, SRK, PT, 3P1T [74] , PR-Peneloux [75] , SRK-Peneloux [76] , and the improved SRK [77] . The binary interaction parameters, k ij , were calibrated with respect to the VLE data available. In general, with calibrated k ij , the cubic EOS gave an AAD within 5% for VLE calculations, and 6% for calculations of the density, except for the CO 2 /SO 2 mixture.
Vrabec et al. [78] proposed to use the PR EOS combined with a model based on Henry's law constants for the ternary mixture CO 2 /N 2 /O 2 at low temperatures (218-251K). Their results show that the PR EOS describes both binary and ternary experimental data well, except at high pressures close to the critical region.
Benedict-Webb-Rubin (BWR) EOS [79]
Virial and extended virial equations of state are used when high accuracy is needed in the calculation of thermodynamic properties and phase behaviour. These multi-parameter equations often require large amount of high accuracy data for parameter estimation, and there may be problems in determining unique values for these parameters. With a slight loss in accuracy, these problems could be solved by using the extended virial equations in a corresponding-state form.
With However, the multi-fluid model predictions were slightly better than the predictions of LK for the ternary system. The cubic PR EOS was found to be better than both corresponding states methods in VLE calculations for both binary and ternary mixtures. In addition, none of the methods provided a good representation near the critical points. repulsive forces into the same term, while the original SAFT EOS has a perturbation scheme based on a hard sphere reference fluid plus dispersive contributions to it. A recent modelling work on the VLE of CO 2 -perfluoroalkanes mixtures using the soft-SAFT equation of state showed that no binary interaction parameters are needed when the quadrupolar moment of CO 2 is explicitly included and the involved molecules do not differ substantially in size. In that case, the quadrupolar effect on the phase equilibrium is not hidden in the binary parameter value, but explicitly described. This increases the extrapolation capability of the model. Belkadi et al. [85] concluded that the soft-SAFT model was successfully able to capture the non-ideal behaviour of the CO 2 +NO 2 /N 2 O 4 system.
Predictive EOS
Predictive EOS is a type of EOS which combines a cubic EOS with a group contribution method.
They typically use the UNIFAC method to calculate the mixture parameters. The main advantage is that the VLE can be predicted for a large number of systems without introducing new model parameters which must be fitted to experimental VLE data [86] .
The predictive-SRK EOS [86] was evaluated with Aspen Plus regarding the calculations of VLE and density of CO 2 mixtures containing impurities 77 . PSRK is similar but slightly less accurate than the BWR EOS. However, both BWR and PSRK have a much more complicated structure than cubic EOS.
Their calculation procedure and applications, consequently, are not as straightforward as cubic EOS.
The predictive-PR (PPR) EOS was evaluated by Vitu et al. [87] regarding the phase equilibria of CO 2 +n-alkanes. The authors claimed that their applications of PPR always leads to better results than PSRK, SAFT-VR [88] , PC-SAFT [89] , soft-SAFT, GC-SAFT [90] and PRSV-WS [91] , without giving any details from their calculations of the CO 2 /CH 4 system. The PPR EOS has also been extended to any mixture containing hydrocarbons+CO 2 +H 2 S+N 2 .
4.5 The GERG equation [92] This EOS was adopted under the name GERG-2004 by the GERG (Group Européen de Recherche Gazières) as the international reference equation of state for natural gases. The EOS may be used to calculate a number of thermodynamic properties of mixtures containing natural gas components. It is thus suitable for all technical applications using natural gas, e.g. pipeline transport and processes with liquefied natural gas. The GERG EOS is principally different from the other EOS discussed above because its formulation is based on a multi-fluid approximation, which is explicit in the reduced Helmholtz energy depending on the density, the temperature and the composition. The equation was developed by the Lehrstuhl für Thermodynamik at the Ruhr-Universität Bochum. It covers the whole fluid region (gas, liquid, supercritical region, liquid-vapour phase boundaries) of natural gas mixtures including the 18 most relevant components (methane, nitrogen, carbon dioxide, ethane, propane, nbutane, isobutene, n-pentane, isopentane, n-hexane, n-heptane, n-octane, hydrogen, oxygen, carbon monoxide, water, helium and argon). Since GERG is explicit in the reduced Helmholtz energy, all thermodynamic properties can be calculated from combinations of the derivatives. This is feasible, since it eliminates the need of integrating pressure explicit relations in the calculation of caloric properties.
The accuracy of the GERG EOS claims to be very high and the normal range of validity covers temperatures between 90K and 450 K and pressures less than 35MPa. This covers a large part of the T/P range for CCS applications, except regions with large temperatures or large pressures. The reported uncertainty of the EOS regarding gas phase density and the speed of sound is less than 0.1% from 250K/270K to 450K and pressures up to 35MPa. In the liquid phase of many binary and multicomponent mixtures, the uncertainty of the equation regarding the density is less than 0.1%-0.5%.
Based on the poor data situation, the VLE should be described as accurately as possible.
For solutions with large amounts of methane, GERG 2004 has a better accuracy than other EOS, because it was calibrated based on a tremendous amount of experimental data. However, since many impurities, such as NO x , COS, H 2 S and SO 2 , were not involved in the database which GERG was based on, its applications are limited to mixtures not containing sulphur. Moreover, there are some differences between the uncertainties given by its manual and accuracy testes performed for CO 2 rich mixtures. The accuracy claimed by the GERG manual [92] was not obtained neither for the volume nor VLE calculations of CO 2 rich mixtures [80] . The AAD of the liquid volume of CO 2 mixtures could reach up to 18%, which is considerably larger than the AAD reported by the GERG manual [80] (for details, see Table 7 ).
Discussion
This work has summarized the experimental PVTxy data available for CO 2 rich mixtures relevant for CCS. Some knowledge gaps were identified between available experimental data and requirements, and some inconsistencies were pointed out among the existing experimental data. Moreover, the accuracy of old data sources is questionable, such as the data available for the CO 2 /SO 2 mixture. These data were obtained 100 years ago, when equipment and laboratory routines were not comparable with the standard today. Therefore, it is of importance to provide new data with a higher accuracy for many of the mixtures. This is also in correspondence with the investigations of the industrial requirements for thermodynamic and transport properties performed by Hendriks et al. [93] Their results showed that quality is considered more important than quantity. In their work, they conclude that both experimental data and models applicable to CCS obtain more and more focus in the industry.
Although the application of cubic EOS has been verified to be able to give satisfactory results, Vidal [94] argued that it may not be possible to build a cubic EOS which is able to reproduce all the thermodynamic properties of a fluid. They imply that instead of using only one EOS, two or more EOS may be applied for property calculations. The industry on the other hand, has expressed the need of more predictive EOS such as SAFT rather than correlative EOS with limited interpolation capabilities [93] .
Meanwhile, many types of EOS have been reviewed concerning thermodynamic property calculations of CO 2 mixtures, but the evaluation results of the EOS performance have not pointed to one particular EOS. The cubic EOS still show advantages over more complicated EOS in the calculation of VLE, while for volume calculations they cannot compete with equations such as LK and SAFT. Of these reasons, more effort should be spent on evaluating and developing EOS for CCS applications.
Considering the properties of semi-empirical models, more work on parameter regression for already established models, and also development of new models should be done as soon as new high quality experimental data is available.
Furthermore, it is no doubt that more accurate models are always preferable. However, in order to improve the accuracy, more parameters will have to be included in the EOS, which may reduce the predictive ability. Complicated structures may reduce the applicability of the EOS, for example by increasing the computation time and making the EOS less transparent and harder to implement correctly for the industry [93] . However, the accuracy of thermodynamic models may not be the bottleneck in many engineering applications. Therefore, it is important to identify an acceptable accuracy for the calculation of thermodynamic properties and subsequently develop criteria of which EOS to select. (2) Among the available experimental data, some inconsistencies have been identified. For example, at high pressures, the deviations between Donnelly's data [23] and Mraw's data [42] for CO 2 / CH 4 can be up to 20% for the CO 2 concentration in the vapor phase; and there is no good agreement among the three available data sources for the dew points of CO 2 /H 2 at high temperatures (290K). Therefore, more experiments should be planned to verify the accuracy of these measurements. 
